Sound propagation in water-saturated granular sediments is known to depend on the sediment porosity, but few data in the literature address both the frequency and porosity dependency. To begin to address this deficiency, a fluidized bed technique was used to control the porosity of an artificial sediment composed of 265 µm-diameter glass spheres.
I. INTRODUCTION
Numerous models have been proposed to describe sound propagation in water saturated granular materials (see Refs. [1, 2, 3, 4, 5] for a sampling); however, no model yet accurately describes both the sound speed and attenuation in these materials across the full range of frequencies of interest in underwater acoustics. Measurements of the acoustic properties of water saturated sediments have been made under a variety of conditions including in situ measurements, 6 ,7 retrieved samples, 7,8 reconstituted samples, 9,10 and artificial sediments.
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There is a large variability in the observed sound speeds and attenuation coefficients of these various sediments due to the wide range of porosities, permeabilities, and other physical properties they exhibit. Richardson and Jackson have studied the effect of porosity on a global scale, compiling numerous measurements obtained across many sediment types.
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Naturally, the sediment porosity changes are also accompanied by grain size and material differences.
In none of these studies, nor in any other studies known to the authors, was the effect of porosity studied in a controlled manner across a range of frequencies, for a single sediment sample with uniform grain size distribution. In such an idealized case, one can focus on the effect of porosity in isolation, and with sufficient knowledge of most of the sediment physical parameters, one can make meaningful comparisons to various models of sound propagation.
Towards this end, a fluidized bed apparatus was used to prepare specific porosities of a spherical glass bead sediment, and ultrasonic time-of-flight measurements were obtained.
Experimental results were compared to the predictions of the Williams effective density fluid model. 13 The purpose of this brief communication is to describe the porosity-control technique as applied to sediment acoustics and to present a set of example measurements.
II. DESCRIPTION OF EXPERIMENT
The artificial sediment was composed of 265 µm ±15 µm diameter soda lime glass spheres saturated with degassed distilled water. The beads were sorted using a sieve shaker 3 between 250 µm and 280 µm fine mesh sieves. The mass of the dry spheres was measured, and the spheres were then added to the apparatus shown in Fig. 1 . Degassed distilled water was then continuously pumped through the sample for 30 minutes and then allowed to rest overnight to dissolve trapped gas bubbles.
Sediment porosity β was controlled by using the fluidized bed apparatus shown in Fig. 1 , which is similar to that described by Schröter et al. 14, 15 The interior of the sample holder was 6 cm × 6 cm square and 30 cm tall, with the sediment height dependent upon porosity, but nominally 100 mm. Two parallel polycarbonate walls of the sample holder were 1 mm thick and the opposite two were 10 mm thick. Control of the porosity of the monodisperse fluid-saturated bead pack is initiated by pumping water at a particular flow rate through the distributor (a block of sintered bronze powder, 5 mm thick with approximately 10 µm-diameter pores). The beads are carried into suspension, with the overall magnitude of their motion governed by the flow rate. The beads achieve steady-state motion and after two minutes, the flow is stopped. The beads are then given one minute to settle. The resulting porosity is dependent upon the flow rate. An additional procedure was use to achieve uniform porosity for β < 0.40: A series of flow pulses were introduced, starting at a high flow rate but with an incrementally decreasing flow rate. This allowed the bead column to settle more uniformly.
A rectangular excitation pulse with a 10 volt amplitude and a 1.25 µs width was directed to a pair of broadband ultrasonic transducers (labeled Tx) with center frequencies of 500 kHz, which transmitted simultaneously through the water and sediment paths, as shown in Fig The apparatus and preparation technique described above yielded a uniform porosity throughout the sample, 14,15 but also resulted in an acoustic path length that was shorter than desired. Increasing the cross-sectional area of the apparatus while retaining a homogeneous porosity is difficult. Since the goal of this work was to investigate the effect of porosity, we chose to achieve a homogeneous sediment at the expense of simplicity in the acoustic data analysis. In addition, the porosity control procedure can take as long as several hours for the dense sediments. Because the water temperature follows temperature fluctuations in the laboratory, there could be significant temperature-depenent sound speed changes in the sample before and after the procedure. Hence, the four-transducer apparatus of Since the path length was short, on the order of a few wavelengths at the lowest frequencies, coupling between the sediment sample and the tank walls and transducers was found to be significant, and the short path length increased error due to uncertainty in path length and path length differences. The coupling effect is demonstrated in Fig. 2, which shows the phase of the measured electrical input impedance of one of the receiving acoustic transducers when mounted in the apparatus filled only with water, and when filled with water-saturated beads. There is as much as a thirty degree phase difference between these two cases. Further, initial measurements with distilled water revealed that the sound speed and attenuation determined by Eqs. 1 and 2 applied to the present four-transducer apparatus included a systematic error due to a small path length difference between the two 5 transducer pairs. The effect of these systematic errors was found to be the same order of magnitude (a few percent) as the sound speed changes expected from the porosity dependency. Therefore, the calibration and error correction procedure described in Section III was implemented. Near-field effects were quantified as described in Ref. [17] and found to be insignificant, which was also the case for a similar experiment described in Ref. [10] .
III. ANALYSIS
The Fast Fourier Transforms (FFTs) of the received signals for both the water-paths and sediment-paths were calculated. A Fourier phase technique 18 was then used to obtain a measurement of the apparent sound speed c sys of the sediment within the experimental system. This sound speed was calculated with
where c 0 was the sound speed in the water portion of the fluidized bed determined by Eq. 5.6.8 of Ref. [16] , l was the length of travel for the acoustic wave within the sample, ω = 2πf was the angular frequency, and ∆φ was the difference in phase between the two FFT spectra at frequency ω. The apparent frequency dependent attenuation of the sediment within the system was calculated with
where A 0 and A sys were the frequency dependent magnitudes of the FFT at frequency ω for the water and sediment paths, respectively.
An equivalent circuit transmission line model of the experimental system (Fig. 3a) was used to correct for the systematic errors described in Sec. II. The model included the transducers, coupling gel, tank walls, and the sediment (or water). The passive layers (Fig. 3c) were modeled with Z
, and c (n) are the wave number, density, and sound speed within the nth component respectively, l (n) is the path length in the nth component,
is the surface area, and N is the transformation factor from one physical domain to
another. The values of the sediment sound speed and attenuation used in the system model are denoted by c sed and α sed , respectively, and are used to construct both k and c for the sediment layer. A Mason equivalent circuit model of a thickness mode piezoelectric resonator with a matching layer 19 was used to model the transducers (Fig. 3b) . The unloaded electrical impedance of each transducer was measured and the values for each model element shown in Fig. 3b were found by fitting the model to the impedance measurement, including the use of the properties for PZT-IV listed in Table 4 .3 of Ref. [20] . Additional material properties for the model elements are listed in Table I . Measurements made with distilled degassed water occupying both transmission paths allowed for calibration of the transmission path lengths in the model.
To perform the correction, the experimental input signals for the water and sediment paths were digitized, FFTs were taken, the resulting spectra were input into the system model, and the output spectra were calculated. These modeled output spectra were then subjected to the calculations described in Eqs. 1 and 2, which yield modeled system values of c sys,m and α sys,m . Using Newton-Raphson iteration, c sed and α sed were systematically varied in the model until the modeled system values c sys,m and α sys,m matched the measured values of c sys and α sys for each frequency ω and for each porosity. The values of c sed and α sed that achieve this match were taken to be the free-field sound speeds and attenuation coefficients of the sediment samples and are reported in Fig. 4 .
IV. RESULTS
In Fig. 4a and b, the frequency dependence of the corrected sound speed and attenuation measurements are compared to the predictions of the Effective Density Fluid Model (EDFM), 13 for the parameters given in Table II . Negative dispersion is apparent in Fig. 4a for all porosities above 550 kHz. Considering just one frequency, say 600 kHz, the variation in the measured sound speed as a function of porosity is well-predicted by the EDFM.
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Measured values of the attenuation in Fig. 4b are an order of magnitude greater than the predictions of the EDFM, however this discrepancy is consistent with other measurements reported in the literature. 10, 11, 21 Trendlines with frequency f 1/2 and f 4 dependance are also shown. At low frequencies, the data are described by an f 1/2 dependence as predicted by
Biot theory. The sharp increase in attenuation to an f 4 dependence at frequencies above 700 kHz is attributable to scattering effects.
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V. CONCLUSION
The porosity-and frequency-dependent sound speed and attenuation in an artificial water-saturated glass bead sediment were measured using a fluidized bed apparatus with a time-of-flight acoustic measurement and a Fourier phase technique. The relative dependence of the sound speed and attenuation on porosity is properly predicted by the Biotbased EDFM model throughout the experimental frequency range, 300 kHz to 800 kHz, and it also quantitatively described the sound speed ratio to within about ±1%. The measured frequency dependence reveals negative dispersion at frequencies above 550 kHz. The predicted and the measured attenuation is proportional to f 1/2 below 700 kHz, but the measured attenuation exhibits an f 4 proportionality at higher frequencies for all porosities. The EDFM underpredicts the absolute value of the attenuation throughout the frequency range, 13 Grain density was measured using a Gay-Lussac flask. Water sound speed was given by Eq. 5.6.8 in Ref. [16] .
Tortuosity was calculated using Ref. [24] with an exponent of 0.5. Permeability was calculated using the Kozeny-Carman Equation 25 with a coefficient of 5 and the pore size factor given by Ref. [13] . Bead bulk modulus was taken from the manufacturer's specification.
Porosity was determined by the method in Sec. II. When multiple entries appear within a cell, they are for the four porosities that are tabulated here, respectively, and that also appear in frames (a) and (b).
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